Apoptosis ± Lamin ± caspase 6 ± cleavage Although activated caspase 6 is capable of cleaving both A-and B-type lamins during apoptosis, the higher-order structure of the nuclear lamina may cause a differential breakdown of these two types of lamins. In order to obtain a better understanding of the dynamics and the consequences of the rapid, coordinated breakdown of the lamina complex, we applied the green fluorescent protein (GFP) technology in living cells, in which the fate of individual caspase cleavage fragments of A-and Btype lamins was examined. CHO-K1 cells were stably transfected with cDNA constructs encoding N-terminally GFPlabelled hybrids of lamin A, lamin AD10, lamin C or lamin B1. The course of the apoptotic process, induced by the kinase inhibitor staurosporine or by the proteasome inhibitor MG132, was monitored by digital imaging microscopy or confocal microscopy. Time-lapse recordings showed that parallel to DNA condensation N-terminally GFP-tagged A-type lamins became diffusely dispersed throughout the nucleoplasm and rapidly translocated to the cytoplasm. In contrast, the majority of GFP-lamin B1 signal remained localised at the nuclear periphery, even after extensive DNA condensation. Comparison of lamin B1-GFP signal with A-type lamin antibody staining in the same apoptotic cells confirmed the temporal differences between A-and B-type lamina dispersal. Immunoblotting revealed only a partial cleavage of A-type lamins and an almost complete cleavage of lamin B1 during apoptosis. In contrast to lamin B1 in normal cells, this cleaved lamin B1, which is apparently still associated with the nuclear membrane, can be completely extracted by methanol or ethanol.
Introduction
Nuclear lamins are type V intermediate-sized filament proteins, which form the nuclear lamina, immediately underlying the inner nuclear membrane of most eukaryotic cell nuclei (Herrmann and Aebi, 2000) . This intermediate filament meshwork is believed to play a role in nuclear envelope integrity and in the organisation of interphase chromatin (Cohen et al., 2001 ). The nuclear lamina is associated with specific DNA sequences called matrix attachment regions (MARs) (Stuurman et al., 1998) , histone proteins (Taniura et al., 1995) , inner nuclear membrane proteins like emerin, lamina-associated proteins (LAPs), Man1, lamin B receptor (LBR), otefin and Young Arrest (Goldberg et al., 1999) or directly with the inner nuclear membrane The lamina is a highly dynamic structure, involved in the reformation of the nuclear membrane and the organisation of the chromatin after mitosis (Moir et al., 2000) . In mammals lamins can be subdivided into A-and B-type lamins. The A-type lamins comprise a set of four proteins, i.e. lamin A (Lin and Worman, 1993) , lamin AD10 (Machiels et al., 1996) , lamin C (Fisher et al., 1986) , and lamin C2 (Furukawa et al., 1994) , all arising from a single lamin A/C gene by means of alternative splicing. In contrast, the B-type lamins, lamins B1 and B2 are closely related in sequence but are encoded by two distinct genes (Hˆger et al., 1990) . Furthermore, lamin B3 is a splice variant of the lamin B2 gene (Furukawa and Hotta, 1993) . Besides the role for lamins in providing structural support and maintaining correct chromatin organisation within the nucleus, lamin B1 appears to be a prompt heat-shock protein which may have a function in cellular recovery after heat shock (Dynlacht et al., 1999) .
Nuclear lamins are not exclusively located within the nuclear lamina lining the inner nuclear membrane, but are also found inside the cell nucleus. These intranuclear lamin structures can be observed, depending on the visualisation method, either as intranuclear spots (Bridger et al., 1993; Goldman et al., 1992; Moir et al., 1994) or organised into transnuclear tubule-like structures (Broers et al., 1999; Fricker et al., 1997) . Moreover, lamins are distributed in a diffuse fashion throughout the nucleus (Hozak et al., 1995; Moir et al., 2000) .
Lamins are targeted to the inner nuclear membrane by means of the CaaX motif, which is the target for three successive posttranslational modifications, i.e. isoprenylation of the cysteine residue, proteolytic removal of the aaX motif, and finally carboxyl-methylation of the farnesylated cysteine (Beck et al., 1990; Chelsky et al., 1987 Chelsky et al., , 1989 Farnsworth et al., 1989; Kitten and Nigg, 1991) . In contrast to B-type lamins, lamins A and AD10 undergo an additional proteolytic cleavage step after association with the nuclear membrane, resulting in the loss of the hydrophobically modified C-terminus. Since lamin C does not posses a CaaX motif, it is not isoprenylated (Lin and Worman, 1993) . The mechanism for targeting nonisoprenylated lamins to the nuclear membrane remains to be established. The difference in membrane attachment between A-and B-type lamins becomes apparent in the process of mitosis, during which the lamin polymers disassemble as a result of hyperphosphorylation. During this process A-type lamins are completely released and dispersed into the cytoplasm as soluble proteins (Gerace and Blobel, 1980) , while B-type lamins are first teared away from the nuclear membrane by microtubules, followed by solubilisation after nuclear envelope breakdown (Beaudouin et al., 2002) .
During the process of apoptosis the lamin network is degraded by proteolytic enzymes, called caspases. Caspase 6 has been identified as the protease responsible for lamin A degradation (Fernandes-Alnemri et al., 1995; Orth et al., 1996; Slee et al., 2000; Takahashi et al., 1996) . The A-type lamins are cleaved at their conserved VEID site, which is located in the non-helical linker region L12 at position 227 ± 230. This region contains chromatin-binding sites (Glass et al., 1993) , and is also involved in the formation of the lamina structure (McKeon, 1991) . It has been assumed that caspase 6 is also responsible for B-type lamin cleavage at their conserved VEVD site at position 227 ± 230. However, a recent study using cell-free extracts immunodepleted of either caspase 3 or 6 showed that proteolysis of lamin B was unaffected by the removal of caspase 6, suggesting that lamin B degradation during the execution phase of apoptosis is achieved through caspase 3 activity (Slee et al., 2000) .
Although it has been shown that lamins are substrates for caspases, little is known about the steps that govern the proteolysis of the higher-order structures of the nuclear lamina. Lamina degradation is likely to be important in terminating cell function by degrading the structural support of the nucleus, since in cells transfected with lamins with a mutated cleavage site the nuclear degradation was largely delayed (Rao et al., 1996) . We performed a comprehensive study on the dynamics and the consequences of lamin cleavage during apoptosis in living cells, in order to obtain a better understanding of the rapid and coordinated breakdown of the complex structural components of the nucleus. We used CHO-K1 cells transfected with lamin C-GFP, lamin A-GFP, lamin AD10-GFP or lamin B1-GFP constructs, as described previously. By using the GFPtechnology, we also circumvented fixation procedures and inadequate antibody penetration due to the condensed chromatin (Broers et al., 1999) .
Materials and methods

Cell culturing
CHO-K1 cells were grown on HAM×s F12 medium (Gibco Life Technologies Ltd., Breda, The Netherlands) supplemented with 10% heat-inactivated fetal calf serum (FCS, Integro, Zaandam, The Netherlands), 50 mg/ml gentamycin (AUV, Cuijk, The Netherlands) and 2 mM L-glutamine (Serva, Heidelberg, Germany) . Cell cultures were maintained in a humidified incubator containing 5% CO 2 at 37 8C.
GFP-lamin constructs
The generation of the lamin A-, lamin C-, and lamin AD10-GFP constructs was previously described (Broers et al., 1999) . Lamin B1 cDNA, cloned in pBluescript (kindly provided by Dr K. Pollard, La Jolla, CA, USA); (Pollard et al., 1990) , was used for the generation of lamin B1-GFP. Briefly, the restriction sites NcoI (position 340 of lamin B1 cDNA) and NsiI (position 2776) were used for the generation of a cDNA fragment encompassing the complete open reading frame of lamin B1. This fragment was subcloned into vector pRSETB, using restriction sites PstI and NcoI of this vector. Digestion with EcoRI and BamHI was performed to allow the in-frame ligation of the modified lamin B1 into pS65T-C1 (Clontech Laboratories Inc., Palo Alto, CA, USA). Because of the presence of a second EcoRI site in the lamin B1 fragment, partial digestion of pRSETB-lamin B1 with EcoRI was necessary. Integrity of the constructs was checked by a series of restriction enzyme analyses. Lamin B1-EGFP was generated by cloning the lamin containing BglII fragment of lamin B1-pS65TC1 into the EGFP-C1 vector (Clontech).
Transfections
CHO-K1 cells were transfected overnight with the ps65T-lamin B1 construct using DOTAP (Boehringer Mannheim GmbH, Mannheim, Germany) according to the manufacturer×s instructions. After selection for stable transfectants by geneticin, (G418, 500 mg/ml Gibco Life Technologies Ltd.) cells were subcloned to single-cell colonies by limited dilution. GFP-expressing colonies were selected using inverted fluorescence microscopy, and used for further experiments.
Since we used the temperature-sensitive mutant pS65T-C1 for GFP fluorescence, it was necessary to grow the transfected cells at 30 8C for up to 3 days before the start of experiments.
To further increase the level of GFP fluorescence, lamin B1-GFPtransfected cells were heat-shocked by exposure to a temperature of 45 8C (water bath) for 15 minutes, followed by a 24-hour incubation at 30 8C. While this heat shock induced a dramatic increase in GFP signal, no harmful effect on cell growth or survival, as deduced from flow cytometric analyses (not shown), was noticed after 24 hours. After this, cells were used for subsequent experiments.
Induction of apoptosis
Apoptosis was induced by two agents, differing in their mode of action. First of all, apoptosis was induced by the kinase inhibitor staurosporine (Bertrand et al., 1994; Yoshida et al., 1997; Zhang et al., 1996) (Sigma, Zwijndrecht, The Netherlands). Cells were grown overnight in medium containing 1% FCS, and cells were transferred to the 37 8C incubator. Staurosporine was used at a final concentration of 1 mM in the medium (1% FCS). Secondly, we used MG132 (Schutte and Ramaekers, 2000; Shinohara et al., 1996; Tanimoto et al., 1997 ) (Biomol, Plymouth Meeting, PA, USA), which was added to the medium at a final concentration of 50 mM. Live recordings were initiated 2 hours after the start of induction of apoptosis at 37 8C. For the immunocytochemical staining studies, the cells were cultured in the presence of apoptosis inducer for 4 ± 8 hours, after which they were fixed.
Confirmation of apoptosis in vital imaging and immunocytochemistry
In the vital imaging experiments, apoptosis was confirmed on basis of DNA condensation visualised by Hoechst 33342 (10 mg/ml; Molecular Probes, Leiden, The Netherlands) DNA staining. Fixed cells in immunocytochemistry experiments were considered apoptotic if the DNA was condensed, as visualised by DAPI or propidium iodide (PI; Calbiochem, La Jolla, CA, USA) staining.
Preparing coverslips for vital imaging
Cells were grown on 20-mm diameter coverslips, which were mounted on slides with round wells of 16 ± 18 mm diameter and a depth of 0.6 ± 0.8 mm. Wells were filled with 100 ml medium with staurosporine or MG132, 20 mm Hepes (Gibco Life Technologies) and 10 mg/ml Hoechst 33342 (Molecular Probes). When the coverslips had been mounted facedown, excessive medium was aspirated and the coverslips were sealed with nail polish, ensuring that the nail polish could not come into contact with the culture medium. Slides were then placed on a confocal microscope (see below) table heated by a fan to maintain an ambient temperature of 33 ± 37 8C. Recordings were started approximately 2 hours after the start of apoptosis induction.
Live imaging on the digital imaging system (see below) was performed by transferring cells, grown on 25-mm round coverslips, to an adapter holding glass coverslips (MSC-TD) in a PDMI-2 Open Perfusion Chamber (Harvard Apparatus, Inc., Holliston, MA, USA), maintaining the temperature at 37 8C, under a gas flow of a 5% CO 2 /95% air mixture.
Confocal laser scanning microscopy and image restoration
Confocal images of both living and fixed cells were collected using the Bio-Rad MRC600 confocal scanning laser microscope (Bio-Rad Laboratories Ltd., Hemel Hempstead, UK) as described (Broers et al., 1999) .
The Huygens System image restoration software (Scientific Volume Imaging B.V., Hilversum, The Netherlands) was used to improve the effective resolution of the confocal images and to reduce background noise. Because of the photon limited character of the data a Maximum Likelihood Estimation (MLE) algorithm (Shepp and Vardi, 1982) was used. Cross-sections through z-stack projections were generated using the section module of IMARIS 2.7 (Bitplane A.G., Z¸rich, CH).
Fluorescence loss of intensity after photobleaching (FLIP)
Cells were grown on coverslips as mentioned above. The FLIP procedure was essentially performed as described previously (Broers et al., 1999) , using an MRC600 Bio-Rad laser, except for the duration of bleaching rounds. Apoptotic cells were imaged (prebleach) with normal confocal laser settings (5% power intensity at zoom factor 3.5). For bleaching, 100% laser power was used with a zoom setting of 30. In this region of interest nuclei were bleached for 15 rounds with an interval of 15 seconds between bleaching rounds. Each round consisted of 15 scans in the fast (F2) mode. After bleaching cells were imaged using the same settings as in the prebleach recordings, and loss of intensity in selected areas was measured using NIH image software.
Digital imaging microscopy
In order to visualise DAPI signals next to FITC or Texas Red signals of the immunocytochemical staining procedures, cells were recorded with the In Situ Image System (version 3.30, Metasystems GmbH, Altlussheim, Germany) using a black and white CCD camera with appropriate filter combinations for red, green and blue recording.
In addition, cells were recorded using a vital imaging digital system, consisting of an inverted fluorescence microscope (Leica DIRBE, Leica Microsytems BV, Rijswijk, The Netherlands), a black and white CCD camera (CA4742 ± 95, Hamamatsu), and a polychrome II polychromator as light source for fluorescence (T.I.L.L. Photonics, Martinsried, Germany). Image acquisition was achieved using Openlab software (Improvision, Lexington, MA, USA).
Antibodies
The following antibodies were used in this study: * Mouse monoclonal antibody (MoAb) 133A2 (IgG3; 1 : 250 dilution in immunofluorescence (IF)) (Hozak et al., 1995) was a kind gift from Dr. Y. Raymond (Montreal, Canada). This antibody recognises lamin A and AD10, reacting with the epitope consisting of amino acids 598 ± 611. * Affinity-purified rabbit polyclonal antiserum RaLC (1 : 50 dilution in IF and immunoblotting) (Venables et al., 2001 ) directed against the C-terminal sequence VSGSRR (position 567 ± 572) of human lamin C. * Mouse MoAb JOL2 (IgG1; dilution 1 : 100 in IF, 1 : 50 in immunoblotting), reacting with an epitope (amino acids 464 ± 572) in the Cterminal domain of lamin A, AD10 and C (Dyer et al., 1997 ). * Mouse MoAb X67 (IgG1) (1 : 50 dilution in IF and immunoblotting) directed against amino acids 1 ± 28 at the N-terminus of lamins A, AD10 or C was kindly provided by Dr. G. Krohne (W¸rzburg, Germany). * Mouse MoAb 119D5F1 (IgG1; dilution 1 : 250 in IF and immunoblotting) (Hozak et al., 1995; Machiels et al., 1995) was kindly provided by Dr. Y. Raymond (Montreal, Canada). This antibody is directed against an epitope which is located C-terminal of the caspase cleavage site of lamin B1 (Weaver et al., 1996) . * Guinea pig polyclonal antiserum GP5 (dilution 1 : 200 in IF and 1 : 500 in immunoblotting) directed to lamin B1, kindly provided by Dr. Y. Raymond (Montreal, Canada). * GFP polyclonal rabbit antibody (dilution 1 : 5000 in IF; Clontech Laboratories, Palo Alto, CA, USA; cat# 8363). * Living Colors Aequorea victoria polyclonal rabbit peptide antibody (dilution 1 : 100 in IF; Clontech Laboratories; cat# 8367).
Indirect immunofluorescence assay
After washing in phosphate-buffered saline (PBS, containing 8 g/l NaCl, 0.2 g/l KCl, 1.15 g/l Na 2 HPO 4 and 0.2 g/l KH 2 PO 4 , pH 7.4) the cells were immediately fixed, either in 3.7% formaldehyde in PBS for 15 minutes at room temperature (RT), followed by permeabilisation using 0.1% Triton X-100 (Scintran, BDH Chemicals Ltd., Poole, UK) in PBS for 10 minutes at RT, or in À 20 8C methanol for 5 ± 10 minutes. After a washing step with PBS, cells were incubated with the primary antibody for 60 minutes at RTand, after several washes with PBS, incubated for 60 minutes with Texas Red-conjugated goat anti-mouse Ig (diluted 1 : 50, Southern Biotechnology Associates; SBA/ITK, Birmingham, AL, USA) or with Texas Red-conjugated goat anti-rabbit Ig (diluted 1 : 50, SBA/ITK). For staining with the antibody X67, cells were fixed with 500 mM dithiobissuccinimidyl propionate (DSP; Sigma, Zwijndrecht, The Netherlands) (Lindroth et al., 1992) in PBS for 15 minutes at RT, followed by permeabilisation with 0.005% to 0.01% sodium dodecyl sulphate (SDS) for 10 to 15 minutes. In the case of nuclear counterstaining by propidium iodide (PI) after immunostaining, cells were stained for 30 minutes in PBS containing 2 mg/ml PI (Calbiochem) and 0.1 mg/ml RNase (Serva, Heidelberg, Germany). All coverslips were finally embedded in 90% glycerol, 0.02 M Tris-HCl, pH 8.0, 0.8% NaN 3 and 2% 1,4-di-azobicyclo-(2,2,2)-octane (DABCO; Merck, Darmstadt, Germany) containing 0.5 mg/ml diamidino-2-phenylindole (DAPI, Sigma) or 1 mg/ml PI and 0.1 mg/ml RNase for DNA staining.
Preparations of whole cell lysates
Cells were cultured in 75-cm 2 tissue culture flasks (Costar, Corning Costar Europe, Badhoevedorp, The Netherlands) and induced to undergo apoptosis by the addition of staurosporine. After 3, 4 and 5 hours of induction, apoptotic cells were collected by means of shake-off, spun down and subsequently the pellet was resuspended in ice-cold lysis buffer (containing 62.5 mM Tris-HCl, pH 6.8, 12.5% glycerol, 2% NP40, 2.5 mM phenylmethylsulphonyl chloride (PMSC), 1.25 mM EDTA, 12.5 mg/ml leupeptin, and 116 mg/ml aprotinin). Control cells were harvested by scraping in ice-cold lysis buffer using a rubber policeman. Next, both cell suspensions were incubated on ice for 30 minutes, dissolved (1 : 1) in SDS-sample buffer, boiled for 5 minutes and then frozen at À 20 8C until further use.
Preparation of nucleo-cytoskeletal fractions
Cells were rinsed with ice-cold PBS and then harvested by scraping in ice-cold RSB buffer containing 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 1.5 mM MgCl 2 and 0.5 mM PMSC. Next, the cell suspension was extracted in 0.5% Triton X-100 in RSB buffer for 10 minutes on ice, followed by incubation in buffer containing 1 mg/ml DNase I (Sigma), 50 mg/ml RNase A (Sigma), 10 mM Tris-HCl, pH 7.4, 110 mM NaCl, 1.5 mM MgCl 2 and 0.5 mM PMSC, for 20 minutes at RT. Finally, after washing with RSB buffer, the pellet was either dissolved 1 : 1 in SDSsample buffer, boiled for 5 minutes and frozen or used for the in vitro caspase 6 cleavage assays.
In vitro assay for lamin cleavage by caspase 6
Pellets of nucleo-cytoskeletal fractions were resuspended and incubated for 30 minutes at 37 8C in buffer containing 20 mM Hepes, pH 7.4, 100 mM NaCl, 0.1% 3-([3-Cholamidopropyl]-dimethylammonio)-1-propanesulfonate (CHAPS), 10 mM dithiothreitol (DTT, ICN Biomedicals BV, Zoetermeer) and 1 mM EDTA, with or without recombinant caspase 6 (16 mg/ml) (kindly provided by Dr. G. Salvesen, La Jolla, CA, USA). After the incubation, SDS-sample buffer was added and the samples were boiled for 5 minutes, after which they were frozen until further use.
Gel electrophoresis and immunoblotting
Gel electrophoresis and immunoblotting was performed as described previously (Machiels et al., 1995) . Depending on the primary antibody used different blocking methods were employed: PBS/0.05% Tween 20/ 5% non-fat dry milk (NFDM) (for antibodies X67, RaLC, aGFP and GP5), PBS/0.05% Tween 20/3% NFDM (119D5F1) or TP (0.5% Triton X-100/PBS) buffer/3% NFDM (JOL2).
Secondary antibodies were peroxidase-conjugated rabbit anti-mouse Ig (DAKO) or peroxidase-conjugated swine anti-rabbit Ig (DAKO) (1:5000). In the case of the antibody GP5, this incubation was preceded by incubation with a rabbit anti-guinea pig antibody (1:200) (DAKO A/S, Glostrup, Denmark). Peroxidase activity was detected by chemiluminescence (Pierce, Rockford, IL, USA). Finally, RX Fuji medical X-ray films (Fuji, Tokyo, Japan) were used for the visualisation of the luminescent signals.
Results
Lamin-GFP expression and characterisation of lamin antibodies
The lamin B1-GFP construct showed a stable expression of the chimeric protein in CHO-K1 cells, and was localised in the nuclear lamina as well as in intranuclear tubule-like structures (Figs. 1a, b and c). As alternative for the thermosensitive GFP vector ps65TC-1, lamin B1 was cloned into the EGFP vector.
Identical results with the latter transfectants in all studies were obtained (data not shown). No chimeric proteins or fragments were detected outside the nucleus using antibodies to GFP (compare Fig. 1a and a×) , or different antibodies to human lamin B1, i.e. 119D5F1 (Fig. 1b×) and GP5 (Fig. 1c×) . Untransfected cells did not show immunoreactivity with these antibodies (arrows in Figs. 1b×, c×) , but immunoblotting of cytoskeletal preparations of lamin B1-GFP-transfected cells did reveal native hamster lamin B1 at 66 kDa MW (Fig. 1e,  lane 1) .
In the stably transfected cells the chimeric lamin B1-GFP protein of the expected size of 93 kDa was found (Fig. 1e) . Treatment with 0.1% Triton X-100 for 10 minutes at 48C did not result in extraction of GFP-tagged lamin B1, indicating that lamin B1-GFP is indeed incorporated into an insoluble nuclear structure (not shown). In addition, depolymerised lamin B1-GFP molecules are capable of reintegration into the nuclear lamina after mitosis. Time-lapse series show that the proper reformation of the lamina by lamin B1-GFP starts at late telophase. Recordings are available as an AVI movie at Internet site http://molcelb2.unimaas.nl/mcb/ejcb2002/. A-type lamin-GFP expression has been described previously (Broers et al., 1999) .
The anti-lamin C antibody (RaLC, Fig. 1d× ) fully colocalised with the lamin C-GFP signal (Fig. 1d) in immunofluorescence of lamin C-GFP transfected CHO-K1 with an intensity of the immunoreactivity corresponding to the intensity of the GFP fluorescence signal. This antibody did not show any native lamin staining in untransfected CHO-K1 cells or in lamin A-GFP-and lamin AD10-GFP-transfected cells (not shown). Western blotting (Fig. 1f) reveals that RaLC only recognises human lamin C-GFP at the expected molecular mass of 92 kDa. However, after prolonged exposure in chemiluminescence, or after loading excessive amounts of protein, as used to visualise apoptotic lamin fragment bands in Western blotting, a band representing native hamster lamin C occasionally did occur in the blot (Cf. Figure 4b ).
Vital imaging of lamins during apoptosis
In live recordings of all three A-type lamin-GFP subtypes, cells initially showed a GFP signal revealing a fully intact lamina structure and pronounced intranuclear lamin structures (Fig. 2a, Frame 1) . Upon induction of apoptosis, the lamina and intranuclear structures started to disintegrate (Frames 5 ± 20) as shown by loss of GFP fluorescence from the periphery of the nucleus and from intranuclear structures. Almost immediately after the initiation of loss of lamina structure, the GFP signal dispersed diffusely throughout the nucleoplasm and almost simultaneously translocated into the cytoplasm of the cell (Frames 20 ± 35). Finally, the GFP signal was found throughout the cellular remnants (Frame 55). The full-size recordings of the time series can be viewed as an AVI movie at Internet site http://molcelb2.unimaas.nl/mcb/ejcb2002/. Comparison of A-type lamin GFP signal and DNA condensation pattern in fixed apoptotic cells revealed that in every cell showing condensed DNA part of the GFP signal was lost from the lamina and intranuclear structures and had translocated into the cytoplasm (compare Figs. 3a and 3b ). This holds also true for cells treated with MG132 .
In contrast to the disintegration of the lamina structure in the case of A-type lamins, a lamina-like structure remained present in lamin B1-GFP-transfected cells, even after the morphological onset of DNA condensation (Fig. 2b, see also the corresponding AVI movie at Internet site http://molcelb2.unimaas.nl/mcb/ejcb2002/), or as visualized in fixed apoptotic cells (compare Figs. 3c and 3d ). This figure shows that in an apoptotic lamin B1-GFP-transfected cell most of the GFP signal closely surrounds the fragmented DNA in a structure reminiscent of the nuclear membrane or remnants of the nuclear lamina. To elucidate whether lamin B1-GFP was still organised in a structure corresponding to the nuclear membrane, transfected cells were stained with an antibody to nucleoporin, p62. This labelling shows that the GFP lamin B1 signal indeed delineates contours of the nuclear membrane, while p62 shows aggregation along the nuclear membrane, characteristic for this protein in apoptotic cells (compare Figs. 3e and 3f; see also (Buendia et al., 1999) ). Only in late apoptotic cells cytoplasmic lamin B1-GFP signal could be detected (not shown).
Cleavage of lamins by caspase 6
In Figure 4a a schematic drawing of the secondary structure of intact lamins and predicted apoptotic lamin fragments is presented. In this figure also the epitopes of the different antibodies used in this study are indicated. Table I summarizes the possible fragments generated, the naming of these fragments, and their recognition by the antibodies used.
In order to show that the lamin-GFP fusion protein is processed by caspase 6, we performed a series of in vitro cleavage experiments of nucleo-cytoskeletal fractions derived from GFP-tagged lamin C-transfected cells using recombinant caspase 6, followed by immunoblotting. Using a combination of antibodies RaLC, JOL2, X67 and aGFP all the A-type lamin fragments as predicted by cleavage of caspase 6 at the VEID motif of the (fusion) proteins were detected (Fig. 4b) . Similarly, caspases 6 cleavage of nucleo-cytoskeletal fractions derived from lamin B1-GFP-transfected cells resulted in predicted lamin B1(-GFP) fragments, using antibodies 119D5F1, GP5 and aGFP (Fig. 4c) .
To investigate whether and to which extent lamins are cleaved in vivo into the predicted fragments, immunoblotting was performed using protein extracts of staurosporine-induced apoptotic cultures. Extracts of untransfected CHO-K1 cells revealed cleavage fragments of expected molecular sizes, based on the known caspase cleavage sites (Fig. 4d) . However, only a small fraction of the native A-type lamins was cleaved Similarly, in lamin C-GFP-transfected cells the predicted A-type lamin cleavage fragments were seen (Fig. 4e) . Again, a major fraction of lamin C-GFP remained uncleaved.
Staurosporine-induced apoptosis in lamin B1-GFP-transfected cells resulted in the formation of (GFP-tagged) lamin B1 fragments of expected molecular weight (Fig. 4f) . In contrast to the A-type lamins, lamin B1 was almost completely cleaved in the apoptotic samples.
The fate of individual lamin cleavage fragments
By combining GFP imaging and immunocytochemistry using an antibody directed against the N-terminal part of A-type lamins (X67), it was demonstrated that during apoptosis, the GFP moiety remained associated to the N-terminus of lamins, since cytoplasmic GFP signal always concurred with Nterminal lamin immunostaining (Fig. 5a) . We also compared GFP fluorescence with GFP-immunoreactivity, to study whether the cellular events of apoptosis would influence the fluorescence capacity of the GFP protein. Again GFP immunoreactivity in apoptotic cells always colocalised with the cytoplasmic GFP fluorescence signal (not shown).
To examine the fate of the different A-type lamin fragments upon induction of apoptosis, immunocytochemistry on GFPlamin-transfected cells with antibodies directed against the Cterminal part of the fusion proteins was compared with GFP signal, which was used as an indicator for the behaviour of the N-terminal fragments. In all apoptotic cells (confirmed by DAPI staining) the GFP fluorescence was lost in the nuclear lamina and translocated diffusely into the cytoplasm, whereas three different patterns of C-terminal lamin fragment immunostaining could be distinguished.
In early apoptotic cells we observed that the C-terminal part still formed a lamina-like structure at the periphery of the nucleus without cytoplasmic immunostaining (Fig. 5b) . Later stages of apoptosis revealed both lamina and cytoplasmic staining of C-terminal lamin fragments (Fig. 5c) . Late apoptotic cells, with DNA fragments dispersed throughout the cellular remnants, (the majority of apoptotic cells) showed a labelling throughout the cell without lamina signal (Fig. 5d) . These results indicate that the relocalisation of N-terminally GFPtagged lamin fragments into the cytoplasm precedes that of the C-terminus, and can be used to determine initiation of A-type lamin (-GFP) cleavage. Similar results were obtained in MG132-induced apoptotic cells (Fig. 6 ). (a)). An almost complete cleavage of lamin B1(-GFP) in apoptotic samples was observed, whereas in the case of lamin-C(-GFP) a considerable amount remained intact.
In untransfected apoptotic CHO-K1 cells the differences in relocalisation between the two lamin cleavage fragments were much less obvious. Both fragments translocated virtually simultaneously from the lamina into the nucleo-and cytoplasm as deduced from double-immunolabelling experiments (data not shown).
Different mobility of A-and B-type molecules in apoptotic cells
The use of the FLIP technique in living cells enabled a comparison between the molecular organisation of different GFP-lamins, and changes in this organisation during apoptosis.
During our experiments bleaching conditions were chosen such that after repetitive bleaching no longer GFP signal could be observed in the bleached region.
In control cells application of FLIP resulted in a 10 ± 20% reduction of GFP signal in the nuclear lamina outside of the bleached region, and a reduction of 10 ± 50% in intranuclear areas outside of the bleached region, both for lamin-C-GFP (see also (Broers et al., 1999) ) and lamin-B1-GFP (not shown). In apoptotic cells a reduction of almost 100%, both in the lamina area and in intranuclear areas was achieved in lamin C-GFP transfected cells (Fig. 7a) , while the same bleaching regime resulted only in a loss of lamina fluorescence of 36% (n 12) of lamin B1-GFP-transfected cells (Fig. 7b) . In addition, in the lamin C-GFP-transfected cells, but not in the lamin B1-GFP-transfected cells, cytoplasmic GFP signals disappeared, indicating a high mobility of lamin C-GFP molecules in apoptotic cells.
Lamin B1 and A-type lamins show a differential localisation in individual apoptotic cells
To compare the behaviour of A-type lamins versus lamin B1 in the same cell during apoptosis, immunocytochemistry was performed on apoptotic, lamin B1-GFP-expressing cells using different types of A-type lamin antibodies. The reverse approach, using antibodies to (native) lamin B1 in A-type lamin-transfected cells, was not feasible, due to the lack of cross-reactivity of the (human) lamin B1 antibodies with hamster lamin B1. Figures 8a and a× show an early apoptotic cell, in which lamin B1-GFP (Fig. 8a) and A-type lamins (Fig. 8a× ) still localise in the nuclear lamina. However, in a later stage of apoptosis, the lamin A antibody did not show staining of the lamina, whereas in the same cell the lamin B1-GFP signal still revealed a prominent lamina signal next to a less intense cytoplasmic fluorescence (using formaldehyde/Triton X-100 treatment) (Figs. 8b and b×) . ). Also, Triton X-100 extraction of apoptotic cells preceding fixation did not significantly reduce GFP-lamin B1 signal. However, methanol extraction almost completely abolished lamin B1 detection in these cells (not shown). Figures 8c and c× show that the lamin B1-GFP signal can still largely be present in the nucleus, while most of the Atype lamins is found in the cytoplasm of the apoptotic cell. In very late stages of the apoptotic process (Figs. 8d and d×) the lamina-like structure of the A-type lamins is completely lost, whereas lamin B1-GFP does no longer surround the condensed DNA as a lamina-like structure. However, lamin B1-GFP can still be observed as large fragments in the remnants of the apoptotic cell.
Discussion
The nuclear lamina is a highly ordered structure comprising a complex nuclear network formed by members of both the Aand B-type lamin family of intermediate filament proteins. This complex network provides structural support to the nucleus and also plays a role in facilitating nuclear processes such as transcription regulation and DNA replication (Cohen et al., 2001 ). Although it is generally accepted that during apoptosis the individual members of the lamin family are cleaved by caspases at their specific cleavage sites, questions still remain regarding the extent of cleavage and the fate of the different lamin fragments resulting from this cleavage. To study this, we used the GFP technology for vital imaging studies on the fate of A-type lamins and lamin B1 in the process of apoptosis.
Previous studies have already shown that chimeric lamin-GFP proteins, like the native lamins, are properly incorporated into the nuclear lamina (Broers et al., 1999; Daigle et al., 2001; Moir et al., 2000) . In the present study we show that chimeric Nterminally GFP-tagged lamin B1 is also normally incorporated into the nuclear lamina, and immunoblotting revealed fusion proteins of expected molecular weights.
Cells expressing N-terminally GFP-tagged A-type lamins (either lamin A, C or AD10) or lamin B1-GFP were monitored live during the process of apoptosis. A-type lamin-transfected cells revealed a loss of the GFP-tagged lamina structure at the periphery of the nucleus, with a simultaneous translocation to the nucleoplasm and cytoplasm. Our findings are in line with the results of a study using cell-free mitotic extracts to induce apoptosis, which showed that lamin A is lost from (isolated) apoptotic nuclei (Lazebnik et al., 1993) . These in vitro data have been confirmed by in vivo studies revealing apoptotic cells in which lamin A was either found to be dispersed throughout the cytoplasm or was undetectable (Lazebnik et al., 1993) .
Cytoplasmic GFP immunoreactivity in apoptotic cells was always accompanied by a cytoplasmic GFP fluorescence signal. This indicates that intracellular apoptotic alterations, such as changes in pH, do not result in the loss of fluorescent properties of the GFP moiety. These findings, and our observation of the colocalisation of the GFP signal and immunoreactivity with the N-terminal part of lamin A/C in all cells, permit the assumption that the GFP fluorescence seen in living cells represents the Nterminal part of lamins before and after caspase cleavage.
A comparison of the distribution pattern of the A-type lamin-GFP N-terminal region with the C-terminus revealed differences in the cellular localisation of these cleavage products in a minority of early apoptotic cells. In these cells N-terminal fragments could be observed both in the cytoplasm and the nucleus, whereas the C-terminal fragments were still strictly localised in the nucleus. Thus, the time-point of initiation of nuclear A-type lamin cleavage can be set at the moment that the GFP signal moves into the cytoplasm. This conclusion is supported by the fact that such a translocation has not been observed in non-apoptotic cells. The relatively large amounts of uncleaved A-type lamins in total cell lysates of apoptotic cells, which we observed in immunoblotting, indicates that the large fraction of intact A-type lamin-GFP molecules depolymerises and dissolves into the cytoplasm upon cleavage of neighbouring lamin molecules in the lamina network. Our FLIP studies confirm that all three A-type lamins display a strongly enhanced mobility in both nucleus and cytoplasm of apoptotic cells. In the past, Oberhammer et al. (1993) have already reported an increase in soluble depolymerised intact lamin monomers before the major onset of DNA condensation. No differences in translocation behaviour between N-and C-terminal fragments were observed for native lamins. A possible explanation for this discrepancy could be that polymerisation and/or incorporation of the GFP-tagged A-type lamins is partly hampered by the GFP tag. As a result, the N-terminal fragments would be especially susceptible to detachment from the lamina structure at early stages of apoptosis.
The dynamics of A-type lamin solubilisation is independent of the apoptosis induction system. The same sequence of apoptotic events was observed upon induction by either staurosporine or MG132. It has been reported that efficient lamina disassembly during apoptosis in ara-C-incubated HL60 cells requires both lamin hyperphosphorylation by protein kinase C-d and caspase-mediated proteolysis (Cross et al., 2000) . However, since staurosporine is a general protein kinase inhibitor preventing many phosphorylation reactions, it is not likely that hyperphosphorylation by protein kinases C plays a major role in the lamina solubilisation. In contrast to the A-type GFP-tagged lamins, no lamin-GFP signal was observed in the cytoplasm of early apoptotic GFPtagged lamin B1-transfected cells. Furthermore, a lamina-like structure at the periphery of the nucleus could still be observed in these cells long (several hours) after the morphological onset of DNA condensation. Eventually, however, this structure became fragmented and dispersed throughout the cytoplasm, but still attached to fragments of the former nuclear membrane, since double fluorescence with the nuclear pore complex (NPC) protein p62 showed that lamin B1 and p62 (although aggregated) were both distributed along the nuclear rim. It has been previously shown that nuclear membranes still surround chromatin fragments formed during apoptosis (Kerr, 1971; Lazebnik et al., 1993; Oberhammer et al., 1993) . Our findings are largely in agreement with those of Kihlmark et. (2001) , although we could not confirm a dramatic decrease in levels of lamin B1 in the nuclear membrane at later stages of apoptosis. Differences in extractability of lamin B1 with different reagents or solvents or the loss of antibody reactivity with cleaved lamin fragments might account for these differences. FLIP studies in living cells confirmed the persistence of a solid lamin B1 network, since repetitive bleaching could not significantly reduce GFP-lamin B1 fluorescence signal outside of the bleached area. The observation that lamin B1 fragments remain visible as a nuclear structure during apoptosis is in agreement with findings for lamin B2. During apoptosis, the majority of the proteolytic fragments of lamin B2 remain associated with an insoluble structure, whereas the majority of the proteolytic fragments of Nup153, a component of the nuclear pore complexes, is released into the cytoplasmic compartment (Buendia et al., 1999) .
Comparison of the degree of cleavage of A-and B-type lamins by immunoblotting showed an almost complete cleavage of lamin B1, whereas the A-type lamins were only partially cleaved. Cleaved lamin B1 fragments remain present in the nucleus in the case of formaldehyde fixation followed by Triton X-100 permeabilisation, Also, lamin B1 cannot be extracted by Triton X-100 from unfixed apoptotic cells. However, these fragments are no longer detectable in the nucleus after methanol extraction. Therefore, we speculate that the apoptotic lamin B1 cleavage fragments remain attached to a nuclear membrane (protein) complex, different from the A-type lamina. Incorporation of lamin B1 into the nuclear membrane by means of its C-terminal isoprene tail does not seem to play a major role in membrane attachment, since the (GFP-tagged) N-terminal part of lamin B1, lacking this tail, is still retained in the membrane complex. Possibly, the lateral or head-to-tail assembly of lamin B1 molecules (Stuurman et al., 1998 ) is sufficient to ensure that both the N-terminal and C-terminal fragments of lamin B1 remain attached to this nuclear membrane complex, even after apoptotic lamin cleavage. Alternatively, the interaction of lamin B1 and not A-type lamins with different lamina-associated proteins or other nuclear membrane proteins could account for the observed differences The lamina-associated protein LAP2a associates specifically with A-type lamins in intranuclear regions. The Cterminus of LAP2a binds directly to residues 319 ± 566 in Atype lamins, which include the C-terminus of the rod and the entire tail (Dechat et al., 2000) . During apoptosis LAP2a is cleaved in a caspase-dependent manner. The apoptotic Cterminal fragment of LAP2a remained associated with a residual framework upon extraction using detergent/salt buffers, whereas the N-terminal fragment was extracted (Gotzmann et al., 2000) . LAP2b binds specifically to a region within coil 1B of B-type lamins (Furukawa and Kondo, 1998) and to chromatin, but has low affinity for A-type lamins (Foisner and Gerace, 1993; Hutchison et al., 2001) . In contrast to LAP2a, LAP2b is integrated into the inner nuclear membrane by its C-terminal domain. It has been reported that LAP2b is cleaved during apoptosis, probably by the activity of caspase 3 (Buendia et al., 1999) . Furthermore, it was shown that cleavage of both LAP2b and lamin B2 occurs almost simultaneously in the apoptotic process.
The lamin B receptor (LBR, also called p58) is an integral protein of the inner nuclear membrane that interacts with Btype lamins, (Duband-Goulet et al., 1998; Stuurman et al., 1998; Ye and Worman, 1994) , but not with A-type lamins (see however (Mical and Monteiro, 1998) ). It has been reported that the N-terminal domain of LBR is specifically cleaved at a late stage of apoptosis, subsequent to the cleavage of lamin B (Duband-Goulet et al., 1998) . Another study failed to observe any proteolytic apoptotic products of LBR even after long Fig. 7 . Differences in mobility of GFP-lamin molecules in apoptotic cells. Fluorescence loss of intensity after photobleaching (FLIP) studies in lamin C-GFP-(a, a') and lamin B1-GFP-transfected cells (b, b'). Cells were repeatedly bleached in the region of interest (rectangle) and loss of fluorescence was measured outside of the bleached area. Note bleaching of GFP signal in the entire cell for lamin C-GFP when comparing prebleach signal (a) with postbleach fluorescence (a'); and that most of the GFP signal for lamin B1 (prebleach, b) is retained in the lamina as well as in intranuclear regions (b'), indicating a lower mobility of lamin B1-GFP during apoptosis. Bar indicates 10 mm.
periods of apoptosis induction, whereas lamin B2 had already been cleaved (Buendia et al., 1999) .
Interactions between LAP2b and LBR, which are cleaved at late stages of apoptosis, with the relatively early-cleaved lamin B1 can cause the apoptotic lamin B1 fragments to remain attached to the remnants of the nuclear membrane. Specific fragments of cleaved lamins might remain in place during apoptosis and continue to impart structural support to the nuclear membrane, a property that might be important in the formation of apoptotic bodies.
In conclusion, it is evident that A-and B-type lamins show a different cleavage and relocalisation behaviour during apoptosis. Especially the disintegration of A-type lamins seems to be crucial for chromatin degradation. While it was previously shown that mutated lamins lacking a VEID motif could delay chromatin condensation (Rao et al., 1996) , a recent study showed that cells with non-functional caspase 6 displayed incomplete chromatin fragmentation in the presence of A-type lamins (Ruchaud et al., 2002) . From our studies it becomes clear that not cleavage of lamin molecules alone, but especially the solubilisation of A-type lamins is a hallmark of chromatin condensation and fragmentation during apoptosis. 
